Overall water splitting was accomplished using a RuO 2 -TaON and Pt-TaON mixture with IO 3 À /I À redox couple under visible light ( < 500 nm). This is the first example of overall water splitting based on an oxynitride photocatalyst including a transition-metal element with d 0 -electronic configuration.
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Overall water splitting was accomplished using a RuO 2 -TaON and Pt-TaON mixture with IO 3 À /I À redox couple under visible light ( < 500 nm). This is the first example of overall water splitting based on an oxynitride photocatalyst including a transition-metal element with d 0 -electronic configuration.
Visible-light-induced overall water splitting on heterogeneous photocatalysts is one of the attractive candidates for clean hydrogen production from solar energy. Although many photocatalysts that work efficiently under ultraviolet (UV) irradiation have been developed, only a few visible light responsive photocatalysts such as (Ga 1Àx Zn x )(N 1Àx O x ) modified with Rh-Cr mixed oxide 1 have been reported for overall water splitting. The present authors have also reported that (oxy)nitrides of early transition metals with d 0 -electronic configuration (e.g., Ta 5þ , Nb 5þ , and Ti 4þ ) are potentially active for the water splitting reaction under visible light. [2] [3] [4] However, overall water splitting has not been achieved based on the d 0 -type (oxy)nitride photocatalysts. For example, TaON exhibits high quantum efficiency (QE) of up to 34% for water oxidation to O 2 under visible light with Ag þ as a sacrificial electron acceptor. 2 On the other hand, two-step overall water splitting, so called Z-scheme type system, has been successfully reported for several combinations of photocatalysts and redox shuttles. [5] [6] [7] [8] [9] The authors reported such a system using Pt-TaON and Pt-WO 3 as H 2 -evolution and O 2 -evolution photocatalysts, respectively, with IO 3 À /I À redox shuttle. Attempts at using a TaON-based photocatalyst for O 2 -evolution instead of Pt-WO 3 was failed at that time. The replacement of WO 3 with the absorption edge at about 450 nm by TaON at about 500 nm is advantageous for broader utilization of visible light. Moreover, utilization of d 0 -type (oxy)nitrides for O 2 -evolution photocatalysts in Z-scheme type water splitting system has a significant impact because there are many candidates for the reaction with absorption edge at 600-700 nm. [2] [3] [4] In this work, therefore, we have at first examined carefully the modified TaON as a photocatalyst for O 2 -evolution with IO 3 À as an electron acceptor. Then, overall water splitting has been examined on the basis of the TaON only system. It has been suggested that the photogenerated holes in TaON preferentially react with iodide (I À ) produced by the reduction of IO 3 À over TaON rather than reacting with water. As such a selectivity for reactant is often controlled by surface adsorption of redox ions, 5 surface modification with other materials is expected to be a useful strategy for suppressing undesired backward reaction (oxidation of I À ) and promoting the forward reaction (water oxidation to O 2 ).
TaON powder was prepared by heating Ta 2 O 5 powder under NH 3 flow (20 mL min À1 ) at 1123 K for 15 h. The TaON was loaded with IrO 2 (0.3 wt %) or RuO 2 (0.3 wt %) by impregnation from an aqueous Na 3 [IrCl 6 ] or RuCl 3 solution, respectively, followed by calcination at 573 K for 1 h in air. The TaON was loaded with platinum (0.3 wt %) by impregnation from an aqueous H 2 PtCl 6 solution followed by H 2 reduction at 473 K for 1 h.
Photocatalytic reactions were carried out in a Pyrex reaction vessel connected to a closed gas circulation system. The photocatalyst powder (0.1 or 0.05 g) was suspended in distilled water using a magnetic stirrer, and the required amount of solute (e.g., NaI, NaIO 3 , and AgNO 3 ) was added to the suspension. In the case of AgNO 3 aqueous solution, La 2 O 3 (0.2 g) was added to maintain the pH of the solution at around 8 during the reaction. The suspension was then thoroughly degassed and then exposed to argon at 5 kPa. The suspension was irradiated using a Xenon lamp (300 W) fitted with a cut-off filter and water filter to eliminate light in the UV and infrared regions, respectively. The evolved gases were analyzed by on-line gas chromatography. Figure 1a shows (Figure 1b) .
On the other hand, negligible amount of O 2 evolution was observed on TaON, attributable to the preferential oxidation of iodide anion (I À ) produced by the reduction of IO 3 À . This undesired backward reaction from I À to IO 3 À , which is thermodynamically favorable compared to the oxidation of water, consumes electrons (e À ) and holes (h þ ) without O 2 evolution. O 2 evolution was found to occur over the RuO 2 -TaON photocatalyst even when the reaction was initiated in the presence of 1 mM I À (see Table 1 ). Judging from the results mentioned above, O 2 evolution in aqueous NaIO 3 solution takes place on RuO 2 cocatalyst, and not on TaON surface. It is thus considered that RuO 2 surface possesses sufficiently high selectivity for water oxidation to O 2 even in the I À coexisting solution. A small amount of O 2 evolution was observed for IrO 2 -TaON from an aqueous NaIO 3 solution as shown in Figure 1b . However, no detectable O 2 evolution was observed on IrO 2 -TaON in aqueous solution containing both IO 3 À and I À (see Table 1 ). This indicates that the IrO 2 surface prefers the oxidation of I À to the oxidation of water in the presence of I À , although it is a good cocatalyst for water oxidation as seen in Figure 1a . From these results, it is concluded that the RuO 2 cocatalyst have a unique property of oxidation, which enables preferential oxidation of water to produce O 2 over RuO 2 -TaON in the presence of IO 3 À and I À . This is a desired property for an O 2 evolution system to achieve two-step overall water splitting. Table 1 summarizes the rates of H 2 and O 2 evolution under visible light for variously modified TaON photocatalysts suspended in an aqueous NaI or NaIO 3 solution. Only Pt-TaON exhibited obvious H 2 evolution activity from an aqueous NaI solution under visible light. It should be emphasized here that no H 2 evolution occurred over RuO 2 -TaON, indicating that the RuO 2 cocatalyst mainly works as an oxidation site in the present system.
Overall water splitting under visible light was then attempted by combining the Pt-TaON with RuO 2 -TaON. No reaction took place in the dark, and overall water splitting reaction began with the onset of irradiation. As shown in Figure 2 , the combination of Pt (0.3 wt %)-TaON and RuO 2 (0.3 wt %)-TaON photocatalysts resulted in simultaneous H 2 and O 2 evolution in an aqueous NaI solution (1 mM, pH 6 without adjustment) under visible light ( > 420 nm). Although the gas evolution was not exactly stoichiometric (H 2 :O 2 = 2:1) in the 1st run possibly because of the accumulation of IO 3 À in the solution up to a quasi equilibrium state, simultaneous evolution of H 2 and O 2 in stoichiometric ratio was observed after evacuation of gas phase (2nd run). Concentration ratio of I À to IO 3 À (I À /IO 3 À ) was ca. 8 after the 1st run. The rates of H 2 and O 2 evolution gradually decreased in the successive runs. Only negligibly small amount of H 2 evolved in the absence of I À in the solution. A small amount of N 2 (ca. 0.5 mmol for 4 h) was detected in the 1st run, but N 2 evolution became negligible in 2nd run. These results clearly demonstrate that overall water splitting proceeds by a two-step photo-excitation, i.e., Z-scheme mechanism, combined with a redox cycle between IO 3 À and I À . The first step involves water reduction to H 2 and I À oxidation to IO 3 À over Pt-TaON, and the second step involves IO 3 À reduction to I À and water oxidation to O 2 over RuO 2 -TaON. Although the activity is still low (apparent quantum efficiency is ca. 0.1-0.2% for the beginning of the reaction), this is the first example of the visible light-driven water splitting system consisting of only oxynitride photocatalysts with d 0 -electronic configuration. The present study demonstrates that the use of appropriate cocatalyst, such as RuO 2 , is effective way to control the reaction selectivity of photocatalysts with redox mediators, and opens the potential use of various (oxy)nitride materials as O 2 evolution photocatalysts as well as H 2 evolution photocatalysts in Z-scheme water splitting systems. 
